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Abstract

The construction sector accounts for 33% of global greenhouse gas emissions. To support European
decarbonisation goals, the Energy Performance of Buildings Directive (EPBD) introduced the concepts
of nearly-zero energy building (nZEB) and, more recently, zero-emission building (ZEB). To address
the limited research that combines environmental assessment with stakeholder perspectives, this study
examines three buildings — a Passive House in Portugal, an nZEB apartment building with enhanced
energy efficiency in Czechia, and a ZEB Laboratory in Norway — to explore: (1) which passive and
active solutions are implemented, (2) how national and contextual factors shape their adoption and (3)
whether the solutions are transferable across different contexts. A mixed-method approach was ap-
plied, integrating quantitative life cycle assessment (LCA) with qualitative interviews. Results show that
while similar strategies were adopted across all three buildings, their integration was shaped more by
economic conditions, regulatory frameworks, construction practices and socio-cultural aspects than by
technical feasibility. The LCA highlighted that the load-bearing structures accounted for the largest share
of embodied emissions and therefore the greatest reduction potential. The carbon benefits of biogenic
materials were found to be highly context-dependent, while the operational advantages of photovoltaic
systems outweighed their embodied impacts in all three cases. Overall, the study suggests that accele-
rating the transition to high-energy-efficiency and low-carbon buildings requires stronger communication
between policymakers and practitioners, cross-country knowledge exchange to bridge technical exper-

tise gaps, greater professional guidance and increased market awareness.

Keywords: Life cycle assessment (LCA), Nearly-zero energy building (nZEB), Passive and active

solutions, Passive House (PH), Stakeholder interviews, Zero-emission building (ZEB).
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Resumo

O setor da construcao é responsavel por cerca de 33% das emissoes globais de gases com efeito
de estufa. Para apoiar os objetivos de descarbonizagdo europeus, a Energy Performance of Buildings
Directive (EPBD) introduziu os edificios nearly-zero energy building (nZEB) e, mais recentemente, os
edificios zero-emission building (ZEB). Perante a escassez de estudos que combinem avaliagdo ambi-
ental com perspetivas de stakeholders, esta investigagdo analisa trés edificios — uma Passive House
em Portugal, um edificio habitacional nZEB na Chéquia e o ZEB Laboratory na Noruega — com trés ob-
jetivos principais: (1) identificar as solugbes passivas e ativas implementadas; (2) compreender como
os fatores nacionais e contextuais influenciam a sua adocao; e (3) avaliar se estas solugbes séo trans-
feriveis para outros contextos. Foi aplicada uma metodologia mista, integrando avaliagdo do ciclo de
vida (ACV) e entrevistas qualitativas. Os resultados mostram que, apesar de estratégias semelhantes
terem sido adotadas, a sua aplicagao foi mais condicionada por fatores econémicos, regulamenta-
res, praticas construtivas e aspetos socioculturais do que por limitacdes técnicas. Verificou-se que as
estruturas portantes representam a maior parcela das emissdes incorporadas, evidenciando elevado
potencial de redugdo. Os beneficios de materiais biogénicos mostraram-se dependentes do contexto,
enquanto os sistemas fotovoltaicos apresentaram vantagens operacionais que superam 0s seus impac-
tes incorporados. Conclui-se que a transicao para edificios de elevada eficiéncia energética e baixo
carbono exige melhor comunicagao entre decisores e profissionais, partilha internacional de conheci-

mento, maior envolvimento do setor e sensibilizacdo do mercado.

Palavras-chave: Avaliacao do ciclo de vida (ACV), Edificios de emissdes zero (ZEB), Edificios

de energia quase nula (nZEB), Entrevistas a stakeholders, Passive House, Solugdes passivas e ativas.
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1. Introduction

1.1 Role of the construction sector in global GHG emissions

The building and construction sector has a critical role in achieving Europe's ambition to become the rst
climate-neutral continent by 2050. Globally, the sector accounted for about one-third of energy-related
greenhouse gas (GHG) emissions in 2022, comprising 26 % from building operations and 7 % from

embodied emissions (International Energy Agency et al., 2023).

1.2 European Union emission reduction targets

Within the European Union's commitment to reduce GHG emissions by 55 % by 2030 compared to
1990 levels and to increase the share of renewable energy (European Parliament and Council of the
European Union, 2021), the Energy Performance of Buildings Directive (EPBD) established that new
buildings owned and occupied by the public bodies and all new buildings must be nearly-zero energy
buildings (nZEBs)* by 2018 and 2020, respectively (European Parliament and Council of the European
Union, 2010a), and new buildings owned by public bodies and all new buildings must be zero-emission
buildings (ZEBs)? from 2028 and 2030, respectively (European Parliament and Council of the European
Union, 2024). Norway, which is not a member state of the European Union (EU), is obliged to follow the

same directive as it is a signatory of the European Economic Area (EEA) Agreement®.

The potential to decrease GHG emissions and move closer to the European decarbonisation goal in
the building and construction industry is also aimed to be ful lled by adopting the nearly-zero energy

buildings (nZEBs) and later zero-emission buildings (ZEBSs).

As the EU regulation for the nZEB is already in force and the deadline for the implementation of the ZEB
is approaching in the upcoming years, additional measures will have to be taken by the Member States
and the states obliged by the EEA to reach the ZEB standard.

1The nZEB is a building with "nearly zero or very low amount of energy required” that "should be covered to
a very signi cant extent by energy from renewable sources, including energy from renewable sources produced
on-site or nearby” (European Parliament and Council of the European Union, 2010a).

2The ZEB is a building with very low energy demand, zero on-site carbon emissions from fossil fuels and zero or
a very low amount of operational GHG emissions (European Parliament and Council of the European Union, 2024).

3"The EEA agreement brings together the 27 EU member states and the three EEA EFTA states Norway, Iceland
and Liechtenstein in an internal market, governed by the same basic rules. It guarantees the EU Single Market's
four freedoms, as well as non-discrimination and equal rules of competition throughout the EEA area.” (Norwegian
Ministry of Foreign Affairs, 2022).



1.3 Motivation

The concept of ZEB was introduced in the 2024 recast of the EPBD (European Parliament and Council of
the European Union, 2024), which obliges Member States to establish maximum thresholds for the total
annual primary energy use of ZEBs that are at least 10 % lower than the national thresholds for nZEBs
at the time of implementation. However, the assessment reported by Maduta and D'Agostino (2024)
indicates that the average primary energy use of new buildings exceeds the recommended maximum

nZEB thresholds in almost all climate zones.

The successful decarbonisation of the building stock in Europe can be enhanced through further ex-
ploration of nZEB and net ZEB concepts, as well as the components used in different case studies.
Through lessons learned, solutions that are validated can be implemented in future projects, leading to
the further development of a sustainable building stock. The overview of the national regulations and
standards, and of the EU legislation transpositions used in different countries, will provide valuable infor-
mation leading to a better understanding of what the drivers and the hindrances are to moving forward

with the decarbonisation of Europe.

This study aims to further investigate available strategies and technical solutions through the analysis
of existing "shining examples” of buildings. By learning from the design, construction and operational
stages of these buildings, the research seeks to identify how speci ¢ solutions and their adaptation in

different contexts in uence overall building performance.

1.4 Objectives and deliverables

This study aims to explore three case studies of ambitious high-energy-ef ciency or low-carbon build-
ings ("shining examples” of nZEB and ZEB buildings) and perform their net-zero whole-life carbon
(netZ-WLC) assessment using life cycle assessment (LCA) (cradle-to-grave) for quantitative compari-
son. While the goal is to decrease operational energy, such efforts can increase the building's embodied

emissions, therefore, it is important to consider the whole life cycle (Maduta and D'Agostino, 2024).

To complement the quantitative results, qualitative research will be conducted in the form of interviews
with stakeholders to examine the conditions, challenges and motivations behind projects with strong
sustainability ambitions. The outcomes may inform future efforts and support decision-making across
all stages of the building life cycle, helping to identify the differences between various contexts — ec-
onomic, regulatory, professional and socio-cultural — and enabling stakeholders and designers to ex-

change knowledge and learn from one another across countries.



1.5 Research questions

This study aims to contribute to the scope of the International Energy Agency — Energy in Buildings
and Communities Programme (IEA-EBC) project Annex 89 on Net-zero Whole Life Carbon Buildings,
which focuses on pathways for achieving carbon neutrality in the building sector through reduction of
both embodied and operational emissions (see Section 2.1; IEA EBC (2025a)). To guide the research,

three research questions were de ned:

« What technical and construction solutions are adopted in the case studies under their re-

spective national conditions?

Three case studies will be analysed. The scope of this study includes the involvement of stake-
holders participating in the design and construction processes, as well as the lessons learned

throughout their implementation.

« What impact do national and climatic contexts have on the technical and construction so-

lutions adopted in the case studies?

Various contextual factors — such as climatic conditions, practices within the construction sector,
regulatory frameworks, cultural background, and other in uences — may affect the degree of ad-
aptation across countries. The aim is to understand these contexts and analyse the extent of their

effects.

« What challenges and opportunities in uence the transferability of the solutions identi ed

in the case studies to different contexts?

Knowledge gained from existing energy-ef cient and low-carbon buildings can inform the decision-
making processes of various stakeholders and guide their implementation in future projects, result-

ing in positive impacts achieved with less effort.

1.6 Thesis Outline

The thesis is structufed into six main chapters:

e Chapter 1 introduces the role of the construction sector in global GHG emissions, outlines the
European Union's emission reduction goals, and presents the motivation, objectives, and research

guestions that frame this study.

< Chapter 2 provides the theoretical foundation and literature background. It de nes key terminol-
ogy used throughout the dissertation, examines existing strategies and barriers related to energy-
ef cient and low-carbon buildings, reviews relevant EU and national regulations in Portugal, Nor-

way and Czechia and introduces the concept of life cycle assessment.



Chapter 3 describes the research design and methodology. It details both the quantitative (LCA)
and qualitative (stakeholder interviews) components, describes the case studies and their selec-

tion, and the data collection and analysis procedures.

Chapter 4 presents the ndings from the LCAs and qualitative research. The results are structured
around the research questions highlighting the technical and contextual factors in uencing the

solutions and their adoption in the three case studies.

Chapter 5 summarises and interprets the results, exploring the synthesis between the ndings and

discussing their broader signi cance across various contexts and implications for future work.

Finally, Chapter 6 summarises the main insights of the research and provides the overall conclu-

sion.



2. Background

This dissertation examines three examples of low-carbon or energy-ef cient buildings, comparing the
solutions used and their impact through the whole life cycle. To provide context for the study and dem-

onstrate the relevance of this research, this chapter is structured as follows:

First, it introduces the context in which the dissertation is written (Sections 2.1 and 2.2).
» Second, it presents the de nition framework for this study (Section 2.3).

 Third, it reviews legislative policies at both the international and national levels and their develop-
ment from the initial regulations regarding energy performance to the current legislative strategies

enhancing further development in the building industry (Section 2.4).

« Fourth, it outlines the methods used to evaluate and certify buildings' performance (Sections 2.5
and 2.6).

« Finally, this chapter provides an overview of Portugal, Norway, and Czechia and relevant techni-
cal and environmental data to help understand the differences, similarities, and interconnections

between the three countries in the context of this study (Section 2.7).

2.1 Context of Annex 89

This study is conducted within the framework of an ongoing project "IEA EBC* - Annex 89 - Ways to Im-
plement net-zero whole-life carbon (netZ-WLC)”. Annex 89 focuses on "pathways and actions needed
by various stakeholders and decision-makers to implement whole life cycle based net-zero greenhouse
gas (GHG) emissions from buildings in policy and practice”, which includes both embodied and opera-
tional energy GHG emissions in all stages of the building life cycle — also referred to as whole-life carbon
(WLC). This approach addresses climate change and its negative impacts, supporting the goals of the
Paris Agreement (IEA EBC, 2025a). The Agreement aims to limit global temperature increase to well
below 2 °C above pre-industrial levels and to pursue efforts to limit it to 1.5 °C (United Nations, 2025),
as well as to achieve carbon neutrality by 2050 (European Parliament and Council of the European
Union, 2021). This project aims to contribute to the transition of the building sector towards netZ-WLC
outcomes (IEA EBC, 2025a). The scope of this study is in a speci ¢ part of the project Annex 89, which
is Subtask 4 (ST4).

“"The International Energy Agency — Energy in Buildings and Communities Programme (IEA-EBC) Programme
is an international energy research and innovation programme in the buildings and communities eld” (IEA EBC,
2025b).



The ST4 aims to develop a better understanding of the conditions (regional needs and contexts) in
which the netZ-WLC solutions are implemented. The scope of the ST4 covers the regulation, planning,
procurement, and industry initiatives relevant to individual buildings, developments, and entire building
stocks. It uses real-world examples of netZ-WLC solutions to analyse the design, assessment processes
and initiatives for new construction and renovation. Furthermore, it investigates the stakeholders as
well as the regulatory, nancial, and organisational structures in various national contexts, examining
how netZ-WLC solutions can be applied both within and across countries. These conditions include
differing construction practices, regulatory frameworks, nancial and organisational systems, cultures,

socio-economic needs and climatic factors (IEA EBC, 2025c).

2.2 Literature overview

The literature review for this study was conducted using Scopus database with the advanced search fea-
ture and Elicit employing various research questions related to nearly-zero energy buildings (nZEBs),
zero-emission buildings (ZEBs), Passive House (PH), the use of life cycle assessment (LCA) as a tool for
assessing solutions towards these ambitions, as well as stakeholder experiences with their implementa-
tion. To gather information about current practices and research in the eld, a wide range of studies was
reviewed. This included literature reviews, case studies, and stakeholder review papers, to identify which
countries are leading in the research, what the current state of high energy ef ciency and low-carbon
buildings is, and to understand the practices, challenges, experiences, and opinions in the sector. The
purpose was to illustrate why development and implementation of such buildings can be challenging,

even with the targets set by EU and the urgency of action being widely recognised.

2.2.1 Previous research

The growing focus on high energy-ef ciency buildings can be attributed to the inclusion of nZEBs in the
EU regulation, but also to the urgent need for transformation in the building sector to meet climate goals.
According to Lou and Hsieh (2024), the number of studies on the topic of nZEB and net-zero carbon
building (NZCB) has been rising since 2013. The geographical analysis revealed that the contribution
comes from 28 countries, with Italy (13 papers) and Norway (12 papers) in the lead. This contribution
is signi cant in comparison with the rest of contributing countries, with Portugal ranked sixth to eighth
(sharing the position with two other countries) with three published papers, and Czechia ranked 17th to
28th (sharing the rank with ten other countries) with one published paper. However, the limited number of
case studies achieving the net-zero carbon ambition in literature shows that it is not easy to achieve that
ambition (Tirelli and Besana, 2023), although the technical solutions to achieve it are known (Besana and
Tirelli, 2022), and are available on the market, including ef cient envelopes, energy-ef cient appliances,

heat pumps, and material-ef cient building design (Ohene et al., 2022).



2.2.2 Strategies to achieve high energy ef ciency levels in buildings

The strategies to design high-energy-ef ciency buildings include passive and active solutions. Passive
strategies relate to the location, layout, massing and form of the building and materials, while active
strategies typically involve technical systems (Fufa et al., 2016). To achieve an nZEB, the annual energy
need has to be covered by renewable energy to a signi cant extent (European Parliament and Council
of the European Union, 2010a). Many studies emphasise that while renewable energy use is essential
to meet net-zero (energy or carbon) goals, it is equally critical to reduce the energy needs to minimise
capital costs (Ahmed et al., 2022). Construction and technical building features should be prioritised to
maximise energy performance, with renewable energy building features implemented as a second step.
However, in practice, the rst step is often shortcut, and, to achieve a net-zero level, renewable energy
capacity is expanded, which greatly increases the need for seasonal energy storage and compromises

the bene ts of energy-ef cient building strategies ( Urge Vorsatz et al., 2020).

The design solutions of nZEBs, such as renewable solar energy (Oliveira Panao and Goncgalves, 2011),
may be climate-sensitive, therefore, the design strategies for the different climates should be carefully
considered (Lu et al., 2015).

2.2.3 Barriers to nearly zero- and net-zero buildings

In the literature review by Ohene et al. (2022), the barriers to the implementation of net-zero carbon
buildings (NZCBs) — a concept a step beyond nZEB — are classi ed into seven categories: economic,
legislative, technological, professional/technical, market, social-cultural and geographic. The most dis-
cussed categories among the reviewed papers were economic and legislative barriers, whereas the
geographical barrier was the least concern. However, Urge Vorsatz et al. (2020) states that it is possible
to achieve net-zero or nearly-zero energy building outcomes in the cost range of conventional buildings
in most building types and climates, with systems, technology, and skills that already exist. The study
was limited to a few expert opinions. Therefore, the authors suggest that the barriers identi ed should
be subject to the broader range of expert views across speci c jurisdictions and the results compared
with the experts' opinions provided in their study (Ohene et al., 2022). According to Falana et al. (2024),
identifying key stakeholders throughout the net-zero carbon building life cycle is essential, as a lack
of understanding of each role can compromise the success of achieving it. Achieving whole-life net-
zero carbon outcomes depends on collaboration among stakeholders. Additionally, this study highlights
construction professionals, property/facility users, and policymakers as the most frequently cited key
stakeholders. Although a systematic review was conducted, the authors suggest that empirical studies

should be conducted on stakeholder analysis in net-zero carbon buildings.



2.2.4 Studies combining quantitative and qualitative approaches
There is limited research combining stakeholder input with the evaluation of solutions' ef ciency.

Many existing studies investigate the gap between energy performance predicted at the design stage
and real performance observed during the operational stage, incorporating users' experience in terms
of behaviour, preferences and comfort (Pannier et al., 2021; Moum et al., 2017; Morris et al., 2016;
Menconi et al., 2018). Several studies also evaluate the LCA process itself by the various stakeholders
(Alejandrino et al., 2021; Pannier et al., 2021; Sonetti and Lombardi, 2020). Although there are studies
that link stakeholder inputs with environmental assessments, the evidence base remains limited. Most
of these studies involve only a specic group of stakeholders, which restricts the scope of the nd-

ings. Therefore, to build a more complete picture and support decision-making more ef ciently, further

research is needed.

2.2.5 Implications identi ed by the literature review

In conclusion, the literature review revealed a limited number of studies that examine speci ¢ solutions
for achieving net-zero (high-energy-ef ciency and low-carbon) performance in buildings — particularly
their implementation and environmental impact in real-world projects and their applicability combined
with insights from various stakeholders. Net-zero buildings need to be better understood, and their envi-
ronmental bene ts should be evaluated as a part of sustainability assessment (L Utzkendorf et al., 2014).
This study aims to contribute to this gap by identifying both successful and less effective solutions in
terms of environmental performance, as well as practical challenges associated with their implementa-

tion, based on the case studies and stakeholder perspectives.

2.3 De nition framework

To ensure clarity in this study, it is crucial to establish a clear de nition framework. In the topic of high-
energy-ef ciency and low-carbon buildings, signi cant variations in terminology exist, which can lead to

inconsistent results across studies and cause confusion that may hinder progress in the eld.

2.3.1 Net zero whole-life carbon

The term netZ-WLC, referring to the net-zero whole-life carbon of buildings, expands the "net-zero”
concept by considering emissions throughout the whole life cycle of a building, expressed in terms of

carbon dioxide equivalent (COeq).



2.3.1.1 Net-zero emissions/carbon and net-zero energy buildings

The "net-zero” generally refers to a way of balancing resource draw from the natural environment and
its consumption at a local site (building, block or community), over a speci ed time period (L Utzkendorf
et al., 2014). According to Panagiotidou and Fuller (2013) and Wells et al. (2018), the term ZEB can be

used either for a zero-energy building or a zero-emissions building.

A net-zero emission building offsets all emissions associated with both operational energy and embodied
emissions from materials through on-site renewable energy generation (Good et al., 2014). In contrast,
a net-zero energy building is energy neutral, delivering as much energy to the grid as it consumes
(Panagiotidou and Fuller, 2013) over a period of time, typically a year (Sartori et al., 2012). The term
"net” usually implies that the building is connected to the energy grid (Good et al., 2014).

However, various terms continue to appear in literature, as no agreement on clear and universal ter-
minology is between authors (Urge Vorsatz et al., 2020) for these concepts, resulting in variations in
acronyms (e.g., nZEB vs NZEB) and interpretations. While some studies that assess the emissions
through CO, refer to net-zero carbon building as NZCB or nZCB (Lou and Hsieh, 2024; Tirelli and Be-
sana, 2023; Besana and Tirelli, 2022; Ohene et al., 2022; Bhavsar et al., 2020), some other studies
evaluate the emissions through the energy used in buildings referred to as nearly-zero energy build-
ing (nZEB). "Net-zero” de nitions vary in energy source and supply requirements, timescale, emission

source, and grid connection (Moghaddasi et al., 2021).

2.3.1.2 Whole-life carbon assessment

The whole-life carbon (WLC) assessment is based on the LCA methodology originally standardised in
ISO 14040 and ISO 14044 (International Organization for Standardization, 2006a,b), which provide the
general framework for assessing environmental impacts across a building's life-cycle (see Section 2.5). It
consists of 17 modules. Among these, only two modules (B6 and B7) account for operational emissions,

while the remaining 15 account for embodied emissions (Tirelli and Besana, 2023).

Incorporating whole life cycle impacts, including the embodied impacts, in the net-zero buildings design
process, is important because focusing only on the energy or the energy-associated emissions during

the operation stage excludes the impacts associated with the whole life cycle.

The result of whether the building is net-zero (energy or emissions) or not is in uenced by several factors,
such as the scope and accuracy of the modelling of the building and its life cycle (e.g. service life), as well
as the data for energy and GHG emissions. These data need to be known for the results to be interpreted
or compared correctly (Lutzkendorf et al., 2014). For instance, it may be possible for a design solution
with net-zero building ambition to focus only on the operational stage with a heavy environmental impact
due to the embodied emissions from the materials and technology systems implemented to achieve the

net-zero level (Lutzkendorf et al., 2014).



2.3.2 Nearly-zero energy buildings

The nearly-zero energy building (nZEB) is de ned in EU regulation as a building with "the nearly zero or
very low amount of energy required” that "should be covered to a very signi cant extent by energy from
renewable sources, including energy from renewable sources produced on-site or nearby” (European

Parliament and Council of the European Union, 2010a).

The term nZEB is used as a common practice to assess building performance through energy consump-

tion and to determine the national ambition level for buildings.

2.4 Legislative evolution toward nearly-zero energy buildings: the

role of top-down structure

Policies and regulations play a crucial role in increasing demand for net-zero carbon buildings, as they
can motivate and guide public stakeholder behaviours and practices towards "zero-carbon” (Pan and
Pan, 2021) and an adoption of European Committee for Standardization (CEN) standards allows for
better cross-country comparison (Economidou et al., 2020). The cross-country comparison has prog-
ressed in a positive direction. However, the national reports collected by Concerted Action — Energy
Performance of Buildings (CA EPBD) in 2020 (Fragoso and Baptista, 2021; Brekke et al., 2021; Svo-
boda, 2021) reveal that the same questions or categories are interpreted differently across countries.
As a result, the information provided varies, making it necessary to examine the reports and national

regulations more closely for accurate cross-country comparisons.

2.4.1 European Union
1970 — First building sustainability regulation

The development of the legislation promoting the energy ef ciency of buildings dates back to the 1970s.
The necessity for the buildings' energy behaviour improvement emerged with the oil crisis in Organi-
sation for Economic Co-operation and Development (OECD) countries that led to the price shock (Pa-
padopoulos, 2007). Energy ef ciency emerged as an important factor, leading to policy responses that
enhanced oil security. The rst Energy Ef ciency policy adopted, promoted energy savings (affect-

ing also the construction sector) and set the goal of reducing the rate of energy consumption growth
(Economidou et al., 2020). The buildings' energy was considered mostly on the thermal aspect, and the
regulatory policies focused on the thermal transmittance of the buildings' envelope (minimum thermal

insulation thickness) (Papadopoulos, 2007).
1990 — Shifting from solely energy savings to the environmental aspect

In the 1990s, the mindset was shifting and actions at both national and international levels in most
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countries were rather environmental than solely for energy savings (Papadopoulos, 2007).

The European Council agreed to stabilise the CO, emissions in 2000 at the 1990 level. As the perfor-
mance levels of the buildings and standards in each Member State varied signi cantly, the policy action
at the EU level was decided. Directives® called for all Member States to draw up and implement pro-
grams introducing suf cient thermal insulation provisions in new buildings. However, the language used
in the Directive did not oblige the Member states to "adopt ef ciency requirements or x a minimum level

for the thermal insulation of buildings” (Economidou et al., 2020).
2002 - First Energy Performance of Buildings Directive

The need for an amendment of the current Directive was emphasised and resulted in the development of
the Energy Performance of Buildings Directive (EPBD), which was the rst cohesive European legal act
on energy policy in buildings (R.S. Axelrod, 1992). In 2002, the European Parliament and the Council
adopted a Directive on the energy performance of buildings (2002/91/EC) (European Parliament and
Council of the European Union, 2002). It aimed to level the variations between the Member States. The
Directive also introduced a common framework for the methodology calculation of the integrated energy
performance of buildings. All new buildings in EU and countries bound by the EEA agreement have,
since 2002, been required to have an Energy Performance Certi cate (EPC) that evaluates the energy

ef ciency of the buildings.

The Directive on the energy performance of buildings (Directive 2002/91/EC (European Parliament and
Council of the European Union, 2002)) partially replaced the SAVE Directive. The remaining articles
were replaced by the Directive on energy end-use ef ciency and energy services in 2006 (Economidou
et al., 2020).

2010 — Energy Performance of Buildings Directive amendment and de nition of nearly-zero en-

ergy building

The EPBD was amended in 2010 (European Parliament and Council of the European Union, 2010b) so
that all the Member States adopt the minimum energy performance requirements with the "similar am-
bition levels in terms of energy savings and greenhouse gas emissions reduction”. In this amendment,
the concept of nearly-zero energy building has been introduced, obliging Member States to build all new

public and private buildings according to the nZEB standard since 2018 and 2020, respectively.

The nZEB concept implementation strategy is not embodied in the EPBD and is left for the Member
States to detail their nZEB de nitions, as it is dependent on the “building types and climates” (Maduta
and D'Agostino, 2024).

2016 — Primary energy thresholds recommendations

5The early EU energy ef ciency policies for buildings constituted the "Construction Products Directive” in 1989,
the "Boiler Directive” in 1992 and the "SAVE Directive” in 1993 (R.S. Axelrod, 1992)
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To further enhance the implementation of the EPBD, the European Commission published the bench-
mark thresholds recommendations for the annual primary energy based on the four different climatic

zones in 2016 (European Commission, 2016).

Czechia has established the annual primary energy thresholds that are less demanding than the recom-
mended levels for both of ce and residential buildings (BPIE - Buildings Performance Institute Europe,
2021). In Norway, the requirements are de ned in terms of net energy demand per year, which is also
less demanding than the recommended values for both commercial and residential buildings (Brekke
et al., 2021; European Commission, 2016). Portugal, in contrast, does not use energy thresholds, in-
stead it sets minimum performance standards such as U-values in comparison with the reference build-
ing, and the renewable energy contribution is set to a minimum of 50 % for the residential and no limit

for the non-residential buildings (BPIE - Buildings Performance Institute Europe, 2021).

2024 — Energy Performance of Buildings Directive amendment and de nition of zero-emission

building

Before the 2024 recast, EPBD was amended again in 2018 (European Parliament and Council of the
European Union, 2018) to align with updated goals for 2030, aiming to promote the cost-effective reno-
vations to decarbonise building stock by 2050 (Economidou et al., 2020). The recast of 2024 (European
Parliament and Council of the European Union, 2024) introduced the de nition of ZEB ¢ and requires
Member States to adopt the ZEB standard for new public buildings and private buildings by 2028 and
2030, respectively.

2.4.2 Portugal

Portugal has been in the EU since 1986 (Europa, 2025), therefore, the EU regulations that have been in

place since then are expected to be transposed into the national regulations.
1990 — Implementing EU legislation

For many decades, Portugal has lacked in terms of energy performance regulations. In 1990, the rst
energy ef ciency regulation was introduced, but with limited impact on buildings' performance. At that
time, preventing building pathologies such as mould growth was one of the most important aspects.
However, requirements related to insulation and double glazing have also been introduced (Fragoso and
Baptista, 2021).

2006 — Renewable energy thresholds

In 2006, the rst regulation for the renewable energy contribution was introduced (Fragoso and Baptista,

2021), and, since then, the limit has remained unchanged.

5A zero-emission building is one with very low energy demand, zero on-site carbon emissions from fossil fuels,
and zero or very low operational greenhouse gas emissions.
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Current situation

In the current national regulation, the building requirements are calculated according to the reference
building and include maximum heating and cooling needs (average calculated primary energy needs
according to the different winter climatic zones) and maximum non-renewable primary energy (Fragoso

and Baptista, 2021). For comparison, selected requirements to reach nZEB are presented in Table 1.

2.4.3 Norway

Norway, as it is not a Member State of EU, is not directly bound by the EU directives, but is committed
to implementing the directives into its national regulation by the EEA agreement (see Section 1.2).

Consequently, the national regulation is adapted with a time span after the EU regulation is set in place.
1997 — Building envelope regulation

The Norwegian regulation on building energy ef ciency, as established in 1997, included only indicators
on the building envelope (U-values, maximum allowable glass area, airtightness limits) and a minimum

ef ciency requirement for heat recovery in ventilation systems (Brekke et al., 2021).
Implementation of Energy Performance of Buildings Directive in the national regulation

The Norwegian regulation adopted the EPBD from 2002 (Directive 2002/91/EC) in 2007 (reaching their

full effect in 2010), with the energy performance requirements revision in 2015.

The Directive 2010/31/EU was implemented in Norway in 2023. To comply with this Directive, all new
buildings are mandated to achieve nZEB. Later amendments are not included in the EEA agreement,
but most of the amendments (until EPBD 2018) have been implemented into the Norwegian national

legislation (Concerted Action EPBD, 2025).
2015 - Implementation of Passive House standard

The updated code implemented in 2015 mandates all new buildings to follow the Passive House standard
(Nykamp, 2020) from 2017 (NS 3700 for residential buildings and NS 3701 for non-residential buildings).

Current situation

In the current code (TEK17), the requirements for the residential nZEBs can be ful lled by one of two
ways: rst is achieving the net energy performance (specic energy limits for different building types -

kWh/m? per year net energy need) (Brekke et al., 2021) and the second is through the speci ¢ measures
for heat loss, insulation thickness, and other technical speci cations (Nykamp, 2020). In non-residential
nZEBs, the requirement can only be met through the net energy performance criterion. For comparison,

selected requirements are presented in Table 1.
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2.4.4 Czechia

The Czech Republic is a member of EU since 2004 (Europa, 2025), therefore, the EU regulations that
have been in place since then are expected to be transposed into the national regulations, as well as in

Portugal.
1949 — Building heat losses calculation standard

In 1949, the standard focusing on the calculation of building heat losses in central heating design was
established (Kubeckova and Vrbova, 2021).

1954 — Thermal transmittance

The rst national regulation concerning energy ef ciency with a speci ¢ performance indicator was in-
troduced in the 1954 standard (CSN 73 0540), later becoming binding’. The thermal transmittance limit
was evaluated based on the belief that the masonry wall should be 450 millimetres thick, thus the ther-
mal transmission limit corresponded to the thermal performance of a brick wall of that thickness (Pompl,
2017; Kubeckova and Vrbova, 2021).

1979-2006 — Stricter thermal transmittance standards

In subsequent Czech technical Standards, the limits for thermal transmittance (later referred to as U-
values) became progressively stricter. However, no impact of EPBD on the strengthening of thermal

performance requirements was observed (Pejter and Gebauer, 2011).
Current situation

In the current national regulation, the calculation of a building's energy performance is based on a
comparison with the reference building. This reference nZEB de nes required thermal transmittance
(U-values) of the building envelope as well as the primary energy consumption. For a new building
to comply with the nZEBs standard, its average U-value must not exceed 70% of the corresponding
average U-value of the reference building (Ministerstvo prumyslu a obchodu, 2024). For comparison,
selected requirements are presented in Table 1. The obligation to comply with the building's energy
performance requirements came into force in 2006 (406/2006 Sb.) and is proven through the EPC
(Hudcova, 2009).

"Any solution with a deviation from the recommended value was mandatory to report to the Ministry of Con-
struction.
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Table 1: Comparison of nZEB requirements and thresholds.

Country Primary energy (PT, C2) U-values
Net energy (NO) [W/(m?-K)]
[KWh/m?-yr]
wall roof oor  window/door
Portugal 97 (residential) 0.40 0.35 0.35 2.40/ -
(Ilhavo) 256 (non-residential) 0.60 0.45 0.45 3.30/ -
Czechia 30-70 (heating) 0.30 (req.) 0.24-0.30" 0.60 1.50/3.5(req.)
100-160 (total) 0.20 (rec.) 0.16-0.20 0.40 1.20/2.3(rec.)
Norway 100+1600/m?" (small house) 0.18 0.13 0.10 0.80/0.80
95 (apartment)
115 (of ce)

* 1600 divided by heated gross internal area

™ based on the roof type

Note: In Portugal and Czechia, compliance is based on comparison with a reference building. The primary energy thresholds shown in the table
are indicative values and are not de ned in the building codes as xed absolute limits. In Norway, non-residential buildings must meet the net-
energy thresholds for nZEBs. For residential buildings, compliance may be alternatively met through U-value requirements together with additional
measures, such as limits on window and door areas, ef ciency of heat-recovery systems and other performance criteria.

Sources:

Portugal: (Fragoso and Baptista, 2021; Ambiente e A¢do Climatica e Infraestruturas e Habitagdo, 2021)
Czechia: (Cejka and Anton'n, 2017; Svoboda, 2021)

Norway: (Direktoratet for byggkvalitet, 2017)

2.5 Life cycle assessment — method for the whole life carbon evalu-

ation

The LCA is the methodology for integrated assessment of the "environmental burden of products at all
stages in their life cycle — from the extraction of resources, through the production of materials, product
parts and the product itself, and the use of the product until the management after it is discarded, either

by reuse, recycling, or nal disposal”, which is referred to as "cradle-to-grave” (Guinee, 2002).

In this assessment, the impacts associated with the whole life cycle of products (in the case of this
study, buildings) are quanti ed. The impacts can refer to a wide range of categories, so-called impact
categories, such as climate change, resource depletion, ecotoxicity, etc. The environmental impacts
refer to the consequences of human interventions in the environment - whether physical, chemical, or
biological - such as resource extraction, emissions (including noise and heat), and land use (Guinee,
2002).

The general objective of building LCA is multi-dimensional, aiming to reduce environmental impacts,

carbon emissions, energy use, and associated costs (Nwodo and Anumba, 2019).

2.5.1 Life cycle assessment framework

LCA is based on four main phases: goal and scope, life cycle inventory and inventory analysis, impact

assessment and interpretation (Cristobal-Garcia et al., 2016).
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Goal and Scope

In the goal and scope step, the objectives of the study are de ned, including the intended application, the
purpose of conducting the study, and the target audience. This step involves the main methodological
choices for carrying out the LCA, which include the de nition of the functional unit, system boundaries,
identi cation of the allocation procedures, the studied impact categories, the life cycle impact assess-
ment (LCIA) methods used and the identi cation of data quality requirements (Cristobal-Garcia et al.,

2016). The methodological choices will be described in Chapter 3.
Life cycle inventory

Life cycle inventory (LCI) involves the data collection and the calculation procedure for quanti cation
of inputs and outputs of the studied system. System inputs and outputs are, for instance, energy, raw
material, and other physical inputs, products and co-products, and waste, emissions to air, water or soil,
or other environmental aspects. During the data collection, new requirements, limitations or key ndings
about acquired data may be discovered, which would result in the necessity to change the data collection
procedure so the goals of the study are met, therefore LCI is an iterative process (Cristobal-Garcia et al.,
2016).

As a part of the inventory analysis step, the collected data are validated and related to the functional unit
de ned in a "Goal and Scope” step (Cristobal-Garcia et al., 2016). In whole-life carbon assessments,
the functional unit is typically expressed as one square meter of building oor area over the reference

study period.
Life cycle impact assessment

Results of LCI are associated with the environmental categories and indicators. Life cycle impact as-
sessment (LCIA) methods classify the emissions into impact categories (Cristobal-Garcia et al., 2016),
such as climate change, human toxicity, land use and resource depletion (Sala et al., 2012) in a rst
step and characterize them to common units to allow the comparison (e.g. all emissions expressed in

CO,eq by using their global warming potential®) in a second step (Cristobal-Garcia et al., 2016).
Interpretation

Results from LCI and LCIA are interpreted according to the scope and goal. This step includes com-
pleteness, sensitivity, and consistency checks, as well as uncertainty and accuracy of obtained results
(Sala et al., 2016).

8Global warming potential (GWP) is an index to measure how much infrared thermal radiation a greenhouse gas
would absorb over a given time frame after it has been emitted to the atmosphere. It is expressed as a multiple of
the radiation that would be absorbed by the same mass of added CO,, which is taken as a reference gas. Therefore,
the GWP of CO; is 1. For other gases, it depends on how strongly the gas absorbs infrared thermal radiation, how
quickly the gas leaves the atmosphere, and the time frame being considered (IEA, no date).
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2.5.2 Assessment of environmental performance of buildings

The method for the assessment of the environmental performance of the buildings based on LCA is
speci ed in EN 15978:2011. The approach covers all the stages of the building life cycle, includes all
building-related construction products, processes, and services used over the life cycle of the building
(CEN, 2012) and is divided into modules for different stages, shown in Figure 1. The goal of the assess-
ment is to quantify the environmental performance of the object of assessment by means of compiling

environmental information (CEN, 2012).

Figure 1: Buildings' LCA stages according to EN 15978 (Potrc Obrecht et al., 2019).

2.6 Certi cations and building performance ambitions

All new buildings in EU, as well as in countries bound by the EEA agreement, are required to issue
an EPC that evaluates energy ef ciency of the buildings. Some countries, however, go beyond the

mandatory certi cations by adopting additional national or internationally recognized schemes.

2.6.1 Passive House standard

Passive House (PH), a building standard founded in Germany by the Passive House Institute (PHI) in
1996, was developed with the vision of promoting buildings that combine high energy ef ciency, comfort
and affordability. The aim is to reduce heating losses to the absolute minimum. The Passive House
concept eliminates the need for traditional heating (or cooling), instead, the indoor air quality (IAQ) and

comfort are ensured by the post-air heating systems (Passive House Institute, no date).

For the building to achieve the PH standard, several criteria related to energy demands, airtightness and

thermal comfort, must be met. These criteria are summarised in Table 2.
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Table 2: Passive House requirements (Passive House Institute, no date).

Requirement Threshold

< 15 kWh/m? of net living space (treated oor area) or

Space Heating Energy Demand < 10 W/m2 peak demand

< 15 kWh/m? of net living space (treated oor area) or

Space Cooling Energy Demand < 10 W/m? peak demand + allowance for dehumidi cation

< 60 kWh/m? of treated oor area per year
Renewable Primary Energy Demand (Total energy use for all domestic applications — heating,
hot water, and domestic electricity)

Airtightness < 0.6 air changes per hour at 50 Pa (ACH50)

Thermal Comfort < 10 % of hours over 25°C in a year

All the criteria are "achieved through the intelligent design and implementation of the ve Passive House
principles” including the thermal insulation, Passive House windows, ventilation, heat recovery, airtight-
ness of the building and absence of thermal bridges (Passive House Institute, no date). All of the criteria
primarily focus on achieving appropriate insulation and ventilation. Nevertheless, the Passive House
concept ultimately aims to create energy-ef cient buildings (Zavadskas et al., 2017). The criteria are

represented in Figure 2 and Table 3.

Figure 2: Five Passive House principles (Passive House Institute, no date).

While the net-zero energy standard focuses solely on energy consumption, the PH standard is de ned
based on the consideration of the indoor environment and quality and thermal comfort. The PH standard
aiming to lower energy demand (Zavadskas et al., 2017) — saving more than 50 % of the major energy
consumption (Feist et al., 2005) — while keeping a good indoor environment, is a key enabler for the

net-zero energy building standard (Ahmed et al., 2022).

According to Urge Vorsatz et al. (2020), most literature states that Passive Houses use slightly more
materials than conventional houses, however, the reduction in operational energy (heating and cooling

energy use) compensates for the potential increase of embodied energy. The reduction of approximately
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Table 3: Passive House principles (Passive House Institute, no date).

Principle Requirement Notes

Thermal insulation U-value < 0.15 W/(m2K) For most cool-temperate climates.
Maximum of 0.15 watts lost per
degree of temperature difference
per square metre of exterior sur-
face.

U-value < 0.80 W/(m2K)

Passive House windows
g-values® around 50 %

For most cool-temperate climates.
Low-e glazings lled with argon or

krypton.

Ventilation heat recovery > 75 % heat recovery ef ciency Heat exchanger transfers more
than 75 % of exhaust air heat to
fresh air; ef cient heat recovery

ventilation.
Airtightness of the building < 0.6 air changes per hour at 50 Measured during pressurised and
Pa depressurised tests; uncontrolled
leakage through gaps must be
avoided.

Absence of thermal bridges Thermal bridges avoided or min- Thermal bridges that cannot be
imised avoided must be minimised as
much as possible.

30 % in total life-cycle energy demand is reached in PH buildings compared to conventional ones (Urge
Vorsatz et al., 2020). Consequently, when houses are built under the PH standard, the price normally
rises (Ahmed et al., 2022).

Given that the energy use limit for the PH is less strict than that for nZEBs (Ahmed et al., 2022), the
relative share of embodied energy in PH tends to be lower. According to (Chastas et al., 2016), the share
of embodied energy in Passive Houses ranges from 11 % to 33 %, and between 74 % and 100 % in the
nZEBs, compared to 6 % to 20 % in conventional houses. These differences highlight the importance of
conducting the whole life carbon assessment rather than focusing solely on operational energy, as the

embodied energy share can vary signi cantly across building types.

2.6.2 Norwegian ZEB concept

Based on the previous work of International Energy Agency (IEA) and the Energy Performance of Build-
ings Directive (EPBD) (Kristjansdottir et al., 2014), the Research Centre on Zero Emission Buildings (the
ZEB Centre) developed the Norwegian de nition of ZEB according to NS-EN15978:2011.

A ZEB is a highly energy-ef cient building that compensates for its CO ,-equivalent emissions through
on-site energy production (Kristjansdottir et al., 2014), with the balance measured in terms of associated

GHG emissions during the building's lifespan rather than direct energy consumption and production

19



(Fufa et al., 2016).

The ZEB Centre was run by NTNU and SINTEF! with the main objective "to develop competitive
products and solutions for existing and new buildings that will lead to market penetration of buildings
with zero emission of greenhouse gases related to their production, operation and demolition” (SINTEF,
2014). To develop solutions and concepts for zero-emission buildings, it was rst necessary to develop
the de nition of ZEB. The current ZEB-de nition was developed based on the ZEB Center research and

from seven to eight ZEB pilot building projects (Dokka et al., 2013).

The ZEB de nition is established through a range of various ambition levels based on the associated
emissions indicated by the rst letter of the life-cycle stage 2. The "Bene ts and loads” ("D”) are not
currently included in the ambition levels, however, information on possible bene ts of recycling, reuse
and energy recovery is relevant for the choice of appropriate materials during the product stage, and
the information should be calculated and included in the emissions analysis report (Kristjansdottir et al.,
2014). The nal goal of the ZEB Centre are zero GHG emissions related to the production, operation and
demolition of the buildings, which is indicated by ZEB-COM?3. This, according to Dokka et al. (2013), is a

very ambitious goal that seems to be hard to achieve in real buildings with current available technology.

Six levels of ambition are de ned and are represented in Figure 3. The lowest level (ZEB-O+EQ) re-
quires compensation for operational emissions, excluding the energy use for appliances and equipment.
The highest ambition level (ZEB-COMPLETE) requires compensation for the entire life-cycle emissions
covering the product stage (A1-A3), construction process stage (A4-A5), use stage (B1-B7), and end of
life stage (C1-C4) (Fufa et al., 2016).

The ZEB concept involves two design strategies that align with those used in nZEBs. First strategy is
to minimise the need for energy use in buildings through energy ef ciency measures, and the second
strategy is to adopt renewable energy and other technologies to meet the remaining energy needs (Fufa
et al., 2016).

Indoor environment of all ZEB buildings should be at least on the level of any other building (Fufa et al.,

2016) and comply with the Norwegian building code (Dokka et al., 2013).

1ONorwegian University of Science and Technology.

ISINTEF is a research institute, with multidisciplinary expertise within technology, natural sciences and social
sciences. It is an independent foundation which, since 1950, has created innovation through development and
research assignments for business and the public sector at home and abroad.

120 - emissions associated with Operational energy use; M - embodied emissions associated with building con-
struction Materials; EQ - operational emissions from technical EQuipment; C - emissions associated with Con-
struction and installation; E - embodied emissions associated with the End of life phase of the building (Fufa et al.,
2016).

13The "C” is related to the construction process of the building, "O” the operation of the building, and "M” the
emission related to the material use of the building (including the demolition) (Dokka et al., 2013).
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Figure 3: lllustration of ZEB ambition levels according to NS-EN 15978:2011 (Fufa et al., 2016).

2.7 Context of Norway, Portugal and Czechia

For the purpose of this study, three case study buildings located in different countries were selected: Por-
tugal, Norway, and the Czech Republic. The selection of speci ¢ case studies was based on institutional
collaborations and academic relevance. The climatic and contextual differences between these three

countries provide a valuable basis for the comparative analysis within the scope of this dissertation.

2.7.1 Climate and geographical location

Each of the countries is located in a different climate zone with a varying number of the heating degree
days (HDDs) and cooling degree days (CDDs), as shown in Table 4. Based on the climate zones, the
EU Commission released the recommendation thresholds for the primary energy for different types of

buildings.

While in the paper reviewing the barriers to the nZEBs the geographical barrier was ranked as the
least concerned in the reviewed literature (Ohene et al., 2022), Ahmed et al. (2022) emphasise the
importance of the weather on the applicability of various energy-saving strategies. The authors cite
higher thermal insulation and airtightness as an example: in heating-dominated buildings results in
greater energy savings, while in cooling-dominated buildings, it may hinder the natural cooling effect
during longer periods of lower outdoor temperature instead. However, Ohene et al. (2022) stresses that

the low importance ranking of the geographical barriers may also be caused by the low extent of the
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geographical aspect discussed in literature. Geographical location and the climate conditions could limit

the extent of NZCBs technologies' adoption, such as solar and wind energy.

Table 4: Climatic and demographic comparison.

Portugal Norway Czechia
Ocean 3 3 7
Climatic zone Oceanic, Nordic Continental
Mediterranean
Heating degree days — IEA (2020a,b,c) (°C) 775 3587 2645
Cooling degree days — IEA (2020d,e,f) (°C) 108 5 66

2.7.2 Electricity mixes and energy use for heating

Portugal, Norway, and Czechia exhibit distinct electricity mixes (see Table 5). In Portugal, electricity
generation is dominated by hydro (36,4 %), wind (28,2 %), and solar PV (13,9 %)(IEA, 2025a). Norway's
electricity supply is predominantly based on hydro (88,9 %), followed by wind (9,2 %)(IEA, 2025b).
In contrast, Czechia's electricity generation remains largely dependent on nuclear (40,2 %) and coal

(36,3 %) (IEA, 2025¢).

Table 5: Electricity mix for Portugal, Norway, and Czechia.

Electricity Generation Source Portugal (%) Norway (%) Czechia (%)

Coal 0,00 0,08 36,3
Qil 2,2 0,0 0,01
Natural Gas 11,0 0,9 51
Nuclear 0,0 - 40,2
Hydro 36,4 88,9 4,9
Wind 28,2 9,2 0,97
Solar PV 13,9 0,34 4,9
Biofuels 6,6 - 7,1
Waste 1,2 0,3 0,42
Total 100.0 99.9 99.9

Consideration of the country's electricity mix comes to an importance when conducting LCA. Each
country has a different national electricity grid composition, therefore, the same amount of electricity
consumption results in different GHG emissions depending on the national energy mix. To account for
these variations, emission factors'# are applied to convert energy use into its associated environmental

impacts.

While the context of the electricity mix is important for technological measures such as on-site electricity

generation, the actual bene ts also depend on the dominant types of heating in each country.

Emission factor is "a measure of the expected GHG emissions resulting from the combustion of one unit of a
given fuel or from the production of one unit of a given source of electricity (or other secondary energy carrier). It
is also used to refer to the weighted average emissions associated with the production of electricity from a range of
sources, usually expressed as mass of carbon dioxide equivalent per kWh or per volume of natural gas” (IEA, no
date).
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In Portugal roughly half of households do not have any source of heating. Among the remaining half,
most use mobile heating devices such as electric or gas heaters (the exact share of the energy sources
is not speci ed), while the majority of rest rely on central heating systems or open replaces (Insituto
Nacional de Estat’stica, 2022).

In Norway, the dominant energy source for heating across all building types is electricity, with a signi cant

share of the heat being provided through heat pumps (Norwegian Ministry of Energy, 2025).

In Czechia, the largest shares of household heating are still supplied by natural gas and district (cen-
tral) heating (Cesky Statisticky Urad, 2021), although the use of electricity and heat pumps is steadily
increasing. District heating systems mainly rely on coal and natural gas as fuels (Ministerstvo prumyslu
a obchodu, 2022).

2.7.3 Share of renewable energy in nal energy consumption

Renewable energy plays a critical role in addressing the challenges of fossil fuel exhaustion and of the

climate change (Ahmed et al., 2022).

Norway shows the highest share of modern renewables in nal energy consumption (61.36 %), followed
by Portugal (32.33 %), whereas Czechia remains the lowest (17.16 %), as presented in Table 6. While
Norway's share of renewable energy remains almost the same since 2000 (with 2 % rise), Portugal

increased the renewables nal energy consumption by 61 % and Czechia by 189 % (IEA, 2025b,a,c).

Table 6: Share of modern renewables in nal energy consumption (2021) and trend from 2000-2021
(IEA, 2025b,a,c).

Country Share of modern renewables (%) Trend (change 2000-2021) (%)

Portugal 32.33 61
Norway 61.36 2
Czechia 17.16 189

2.7.4 Emissions and the temperature rise

The operational energy of the buildings accounts for 30 % of global nal energy consumption and 26 %
of global energy-related emissions (direct emissions and indirect emissions from electricity production)
(IEA, 2025d). In terms of emissions, Portugal and Norway each contribute to 0.1 % of global emissions,
while Czechia contributes 0.27 % (IEA, 2025a,b,c). Temperature rise per year is the lowest in Portugal
(0.02 °C), slightly higher in Norway (0.03 °C), and the highest in Czechia (0.06 °C). For an overview, see
Table 7.
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Table 7: Emissions data for Portugal, Norway, and Czechia in 2022 (IEA, 2025a,b,c).

Category Portugal Norway Czechia
Share of Global Emissions (2022) (%) 0.10 0.10 0.27
Share of Global Emissions (2022) (Mt CO,) 36 36 91

Temperature Rise (°C per year) 0.02 0.03 0.06

Note: Mt CO, stands for metric tons of carbon dioxide.
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3. Methods

The methodology of this study combines qualitative and quantitative research based on three case
studies of high energy ef ciency buildings with different contexts and energy ef ciency or carbon footprint

ambition levels.

Qualitative data were collected by semi-structured interviews with the stakeholders involved with the
case studies or more broadly in the area of energy-ef cient buildings, such as policymakers, actors

involved with certi cations or sustainability in buildings.

3.1 Case studies

For the case studies, three buildings were selected: Rua do Mar family house (ilhavo, Portugal), ZEB

Laboratory (Trondheim, Norway), and Drevak (Prague, Czechia).

The selection followed an information-oriented approach and aimed to capture contextual diversity rather
than representativeness. As Flyvbjerg (2006, pp. 229-230) explains, "when the objective is to achieve
the greatest possible amount of information on a given problem or phenomenon, a representative case
or a random sample may not be the most appropriate strategy ... it is more appropriate to select
some few cases chosen for their validity”. Speci cally, this study applies the approach of "selecting
maximum variation cases”, which enables researchers "to obtain information about the signi cance of
various circumstances for case process and outcome” that differ across dimensions such as size, form

of organization, location and budget.

Each building was constructed in a different period and under distinct circumstances, with varying energy
ef ciency and carbon reduction ambitions. An overview of the key characteristics of the case studies is

presented in Table 8.
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